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ABSTRACT

The performance of a synthetic jet ejector (SJE) has been investigated numerically
using Computational Fluid Dynamics (CFD). A parametric study was conducted and
combined with a search procedure to determine the conditions for optimum volume flow
rate through the device. Active parameters such as input driving frequency and input
velocity amplitude as well as passive parameters describing the ejector geometry, such as
the orifice diameter, shroud diameter, and shroud length were considered.
Results show that the SJE has an optimum operating condition. The optimum
orifice diameter is theoretically the same as the actuator diameter, which is 0.8 times the
shroud diameter.

The optimum shroud length is 4 times the shroud diameter.

The

corresponding Strouhal number and Reynolds number are 0.323 and 20,000, respectively.
The use of this particular SJE configuration to replace the ventilation fan in an
automotive seat cooling application is also considered. The SJE for this application has
an orifice diameter of 16 mm, a shroud diameter of 20 mm, and a shroud length of 80
mm, with a driving frequency of 250 Hz, and input velocity amplitude of 15.5 m/s. It is
shown that 10 such devices operating in parallel would be required to attain the same
ventilation as existing fans.
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CHAPTER 1
INTRODUCTION

A jet is a stream of fluid forced through an opening under pressure into a
surrounding medium. The jet is called submerged when the jet fluid is the same as the
surrounding medium, such as the jet produced by a hair dryer. If the fluids are different,
the jet is referred to as non-submerged. One example of a non-submerged jet is the water
jet from a garden hose. Steady jet refers to a jet with constant quantities (such as velocity
and pressure) at any given point in space, while those of an unsteady jet vary with time.
A free jet is one with exit open to the atmosphere. When the surrounding medium is
physically constrained within a device, such as a shroud, it becomes a confined jet.

1.1

Synthetic Jets
A free synthetic jet (SJ) is produced by the interaction of vortices that are

typically formed by alternating momentary ejection and suction of fluid across an orifice
such that the net mass flux is zero [4]. It is an unsteady jet. A synthetic jet actuator
(SJA) is a device used to produce a SJ. It typically consists of a cavity, oscillating
diaphragm and small opening on one side. This study focuses on a submerged free
synthetic air jet with a round orifice for its geometrical simplicity. As shown in Figure
1.1a, the diaphragm basically bends in and out of the cavity during the cycle, which can
be divided into an ejection and suction phase. During the ejection phase, the diaphragm
bends into the cavity from its lower position. Air is pushed out, forms a vortex sheet and
then rolls into a vortex ring at the edge. When the diaphragm starts moving back from its
upper position and goes into the suction phase, the vortex separates and moves away from
the edge with a self-induced velocity, and the surrounding air is sucked back into the
cavity. As the vortex moves downstream, it breaks down into vortices of smaller scales.
The interactions of the series of vortices are what form the SJ. During a cycle, a vortex
ring is created and the net mass flow rate is zero at the exit plane. When the opening is
1

two-dimensional, one pair of vortices is formed during each cycle. Earlier research [23]
has shown that, at a low Reynolds number, a SJ from an axisymmetric orifice is easier to
form than one from a two-dimensional slot.

vortex pairs

<&

KH

p vortex rings

cavity

£&*****& ^ r *

^ % ^

->y

I

oscillating diaphragm

oscillating diaphragm

Figure 1.1 Synthetic jets formed by (a) round orifice, and (b) two-dimensional
slot [17].

The primary advantage of a SJ is that it has a zero net mass flux at the exit. It
only transfers momentum to the surroundings. It is easy to implement because there is no
need to install piping or an extra flow source. Over the years, SJs have been applied in a
broad range of industrial applications, such as drag reduction on an airplane wing, or the
cooling of micro-components in a micro-electromechanical system (MEMS). Other SJ
applications include separation control, mixing enhancement and thrust vectoring.

1.2

Synthetic Jet Ejector (SJE)
A jet ejector includes a primary jet of fluid, which entrains additional secondary

flow from the surroundings and discharges a mixture of primary jet and entrained fluid
from the end of a mixing tube [12]. In the case of a synthetic jet ejector, the primary jet
is a synthetic jet.

One configuration is shown in Figure 1.2.

In this device a SJA

produces a SJ, which creates a suction pressure around the annular space between the
2

actuator and the shroud. During the cycle, air is introduced into the mixing area because
of the pressure difference. The mixture is then discharged at the other end of the shroud.

——> Secondary Flow
Synthetic Jet
Actuator

T > Primary Flow by SJ
Secondary Flow

te
Figure 1.2 Schematic of SJE.
Certain configurations of these devices have been shown to be effective in cooling
electronic equipment [10].

1.3

Objectives
This thesis contains a numerical investigation of a particular synthetic jet ejector

configuration, which may have application to automotive seat ventilation. Of particular
interest are the following objectives:
•

To determine the optimum geometrical and operating parameters for the
selected SJE configuration.
•

Develop a numerical finite volume solution methodology.

•

Determine suitable grid size and time step size for efficient
calculations.

•

Use the efficient numerical model to conduct a parametric
study.

•
•

Identify the best values for parameters for optimum flow rate.

To investigate dimensionless parameters for representing synthetic jet ejector
data.
3

•

1.4

To determine the feasibility of an automotive seat ventilation application.

Scope
Chapter 2 starts with a discussion of dimensionless groups, followed by a review

of the literature that is pertinent to this study. Chapter 3 includes a description of the
numerical model of the synthetic jet ejector.

Also included in Chapter 3 are some

preliminary studies to determine an efficient numerical model.

The numerical

experiments that were conducted to determine the optimum geometry and operating
conditions are presented in Chapter 4. A discussion of the application of the results to the
automotive seat ventilation problem is presented in Chapter 5.
recommendations are given in Chapter 6.

4

Conclusions and

CHAPTER 2
DIMENSIONLESS GROUPS AND LITERATURE SURVEY

In order to make the material easier to understand, this chapter begins with a
summary of the common dimensionless groups used to describe synthetic jets, as well as
some of the characteristic features of these jets. This is followed by the SJE geometric
variables and flow rate equations. The last section is devoted to a discussion of some of
the pertinent previous numerical studies that have been reported in the literature.

2.1

Common Dimensionless Groups
One of the most important dimensionless numbers in viscous fluid flow is

Reynolds number, Re. For a steady jet, the Reynolds number is defined as,
Re = —

(2.1)

v
where V = area-average velocity at the exit
d = orifice diameter
v = kinematic viscosity
As mentioned in Chapter 1, the synthetic jet is an unsteady jet, so a time mean
value of velocity is needed for its Reynolds number calculation. However the time mean
value of the area-averaged velocity at the exit is zero, because the SJ has a zero net mass
flux and therefore cannot be used as a velocity scale. In order to facilitate a comparison
between a synthetic jet and a steady jet, Smith and Glezer [21] proposed the use of the
velocity scale
U0=fL0=±f/2Vp(t)dt
where Vp (t) = orifice area-average velocity as a function of time
T = actuator diaphragm vibration period
/ = —, actuator driving frequency

5

(2.2)

L0 = |

2

Vp(t)dt, stroke length

The stroke length can be interpreted as the length of a slug of fluid (air) pushed
from the orifice during the ejection phase, as shown in Figure 2.1.
U0 is the downstream-directed velocity, which occurs only during the ejection
half of the cycle, averaged over the full cycle [20]. For a sinusoidal velocity variation,
V (t) = VA sin(2 n: ft),

where VA is the inlet velocity amplitude, and the stroke length can

be evaluated to give

h = *f

(2.3)

U„=^

(2.4)

and the velocity scale is

n

ejected fluid "
orifice plate.

Figure 2.1 Schematic of stroke length and vortex ring.
Based on this velocity scale defined by (2.2), the Reynolds number for a synthetic jet is
given by
(2.5)

v

For unsteady flow with a characteristic frequency of oscillation, the Strouhal
number is also a very important dimensionless group. In terms of the velocity scale
defined above, the Strouhal number is given by

6

(2.6)

St
or in the case of sinusoidal input
die

St = f—
V
y

(2.7)

A

fd2
The product of Reynolds number and Strouhal number is

, which is the
v

square of the Stokes number, S, or

S

= J?

(2.8)

The Reynolds number and Strouhal number for a synthetic jet ejector are defined
in Appendix A.
For the steady jet, the region near the nozzle exit and along the central portion is
called the potential core. This region has the characteristic of having a constant velocity
and is surrounded by the shear layer. A shear layer is a region where the velocities of
adjacent fluid layers are different.

This region is highly unstable and leads to the

generation of strong turbulent fluctuations and the entrainment of surrounding fluid into
the jet. The shear layers merge toward the centre of the jet as the distance from the
nozzle exit increases and the potential core eventually disappears. Downstream of the
potential core, the centreline mean velocity decreases [18]. In contrast, the centreline
velocity of a synthetic jet starts with a zero value at the nozzle exit, and rises to a
maximum before decaying according to the -1/2 power-law typical of plane jets [20] as
shown in Figure 2.2.
The width of a jet usually refers to the cross-stream radius at which the
streamwise velocity is half of the centreline value. The width of both the steady jet and
synthetic jet grow linearly in the downstream direction. In the near field, SJs grow more
rapidly in the flow direction, both in terms of jet width and volume flux, than do steady
jets with the same Reynolds number. That is because SJs are dominated by vortices that
entrain more fluid than do steady jets. In the far field, SJs resemble steady jets in that the
self-similar velocity profiles are identical [20]. In this region, it appears that SJs behave
just like steady jets.

7
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Figure 2.2 Time-averaged centreline velocity versus downstream distance, h
refers to the actuator exit width T201.
Another characteristic of jets is entrainment, which is the ability to draw in
surrounding fluid. The entrainment coefficient is given by [26]

C.

d
M

Ax

(2.9)

where M'. =jet mass flow rate at the orifice
Pj = jet density at the orifice
ps = density of surrounding atmosphere
Me = entrained mass flow rate up to position x
x = axial distance from orifice exit plane
The ratio AMe I Ax is also referred to as the entrainment rate.

It was first

measured by Ricou and Spalding [16] for a fully developed steady turbulent
axisymmetric free gaseous jet. Hill [5] extended Ricou and Spalding's work to measure
directly the local entrainment rate in the initial region of axisymmetric turbulent air jets.
These experimental results showed that the entrainment coefficient, Ce, increases nonlinearly from 0.11 at one diameter downstream of the jet nozzle orifice to a fully
8

developed value of 0.32 at about 13 diameters downstream. When acoustically pulsed,
the entrainment coefficient increased to 4.5 times greater at x/d=\0 and to 5.2 times
greater at x/d= 17.5 [26]. For synthetic jets, Mj is zero, and Me reaches a constant value
when the system has achieved time-periodic state. Hence the entrainment coefficient or
entrainment rate definitions do not apply and must be modified.
2.2

Synthetic Jet Ejector Operation
The geometry of a typical two-dimensional synthetic jet ejector is shown in

Figure 2.3. The synthetic jet actuator diameter is D, and the exit orifice diameter is d.
The diameter for the mixing tube or shroud is denoted by De. D and d can be varied to
obtain different flows. The centreline, or the symmetry line, for this flow is parallel to
the x axis and passes through the origin.

The oscillating primary flow induces a

secondary flow which travels through the device. Although the time average of the
primary flow at the actuator exit is zero, that of the secondary flow and hence the total
flow is non-zero.

Synthetic Jet Actuator

D,e Total Flow
Primary Flow
Shroud

Secondary Flow

Figure 2.3 Geometric definitions of SJE.
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2.3

Time-averaged Quantities
For any time periodic flow the concept of a time-averaged quantity is necessary to

determine the net effect over a complete cycle. Any period averaged quantity is defined
as the time integral of the value over one period, T, divided by the period. These period
averaged quantities are denoted by the variable with a bar over the top. For example, the
period area-averaged secondary flow velocity, Us, is defined as

us=j\iys(t)dt

(2.io)

where time is denoted by t and Vs is the area-averaged secondary flow velocity.
T
.
.
When the number of time steps per cycle, n = — , the variable, say V (t) in this
At
case, will be calculated for each time step, then Us can be approximated as the average
of the sum over one cycle, or

Us=—

(2.11)
n

where subscript k is an integer between 1 and n which indicates evaluation at the Mi time.
The flow is said to have reached a time periodic state when the time-averaged
flow becomes independent of the number of periods that have passed. In reality, the ideal
time periodic state is asymptotically reached. It is one of the objectives of this project to
determine an acceptable condition when the time periodic state has been reached. Many
variables can be chosen to use to decide when the time periodic state has been reached.
Because we are only focusing on the SJE ventilation effects, the period area-averaged
secondary inlet velocity is chosen in this study. The criterion for time periodic state used
in this thesis is when the period area-averaged secondary inlet velocity difference
between consecutive cycles is less than 0.1% or l.OxlO"3 m/s, whichever comes first.

10

2.4

Volume Flow Rate
In this study, interest focuses on two volume flow rates, the inlet flow rate and the

outlet flow rate. The inlet flow consists of the primary flow and the secondary flow as
shown in Figure 2.3. The outlet flow is the mixture of the two inlets, however, the period
area-averaged value of the primary flow is zero \U = OJ, and hence the period areaaveraged secondary inlet and outlet flows are equal. Period area-averaged velocity will
be used to calculate the volume flow rate. The volume flow rates are given by,

2.5

Qpri^y=Qn=UPxAp=0

(2.12)

Q^onda>y=Qs=U,xAs

(2.13)

QH«=Q=QP+Q,=Q.

(2-14)

0-/e,=&=^x4

(2-15)

Pertinent Numerical Studies
Over the years, a considerable amount of research has been done on the numerical

simulation of synthetic jets. These are reviewed below along with selected studies from
the closely related field of pulsating jets.
Krai et al. [7] performed two-dimensional incompressible simulations of a
synthetic jet with a quiescent external flow. The computational domain encompassed
only the region external to the jet without the cavity or actuating membrane. In place of
an actuator, a sinusoidal velocity profile was prescribed as a boundary condition at the jet
exit. This avoided the flow calculations within the cavity. Both laminar as well as
turbulent jets were studied.

They found that the laminar jet did not capture the

breakdown of the vortex train that was observed experimentally. It was also noticed that
the jet produced a non-zero mean streamwise velocity even though it operated with zero
net mass flux at the nozzle exit.
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Rizzetta et al. [17] performed a numerical study, using Direct Numerical
Simulation (DNS) to solve the unsteady compressible Navier Stokes equations for both
the interior of the actuator cavity and for the external jet flow field. An oscillatory
displacement boundary condition was prescribed at the lower end of the cavity. They
showed that the internal cavity flow becomes periodic after several cycles. Therefore, it
was considered appropriate to use the periodic velocity profile at the slit plane as a
boundary condition in subsequent runs involving the external domain only.

This

effectively caused the cavity flow to decouple from the exterior flow. It was observed
that the planar 2-D simulations could not capture the breakdown of the vortices as a result
of the spanwise instabilities. They suggested that a 3-D simulation would be a more
proper approach for the planar opening.
Lee and Goldstein [8] used the DNS method developed by Krai et al [7] to study
the effects of fluid and geometric parameters on the resulting flow field in twodimensional synthetic slot jets pulsing into initially quiescent flow. The jet evolution was
found to depend strongly on the Strouhal number. Their results indicated that the shape
of the lip and depth of the cavity were important parameters in the resulting flow. A
thicker orifice lip would lead to a more uniform velocity profile at the orifice and an
increase in the rate of the formation of vortices. Compared with the round orifice lip, a
straight orifice lip changed the orifice velocity profile, but there was no subsequent
change in either the formation of vortices or the synthetic jet flow.
Fugal [3] also used DNS to study how the exit geometry and dimensionless stroke
length change the synthetic jet characteristics formed by a fully developed oscillating
channel flow. It was observed that the k-e

turbulence model more accurately predicts

the downstream behavior of the jet. He found that the magnitude of the stroke length
required to form a jet increases as the exit radius increases. He also performed a detailed
grid size and temporal resolution study for the synthetic jet CFD solution.
Mallinson et al. [11] investigated the synthetic jet flow both experimentally and
computationally. They used a commercial Navier-Stokes solver called CFX4.2 for the
unsteady incompressible numerical simulations. The k — e model was chosen as the
turbulence model. The experimental data and computational results for centreline and
12

profile velocity distributions are in good agreement with each other. They found that the
maximum velocity for a particular actuator configuration seemed to depend on a balance
between inertia (diaphragm forcing) and viscous (orifice boundary layer) forces.
Rampunggoon [14] numerically investigated the dynamics of synthetic jets in the
presence of cross-flow as well as jets issuing into quiescent air using an incompressible
Navier-Stokes solver in a two-dimensional configuration. A comprehensive parametric
study was carried out where the diaphragm amplitude, external flow Reynolds number,
boundary layer thickness, and slot dimensions were varied and scaling of the jet
characteristics with various parameters examined.

It was shown that large mean

recirculation bubbles are formed in the external boundary layer only if the jet velocity is
significantly higher than the cross-flow velocity.
Utturkar et al. [23, 24] performed two-dimensional numerical simulations to study
the sensitivity of synthetic jets to the design of the jet cavity. They considered the
placement of the oscillating diaphragms as well as changes in the cavity aspect ratio.
Both quiescent and external cross-flow have been investigated.

The authors also

Rev
Reu
proposed and validated a jet formation criterion — r ~ > 2 and — ^ > 0 . 1 6 for twodimensional and axisymmetric synthetic jets, respectively.
Ravi et al. [15] conducted a three-dimensional numerical simulation to study the
formation and evolution of large aspect ratio synthetic jets issuing into quiescent air.
They used a finite difference based Cartesian grid immersed boundary solver, which is
capable of simulating flows with complex 3-D, stationary and moving boundaries. It was
found that the vortex train emanating from the nozzle exit undergoes axis-switching and
assumes a complex shape. From the mean structure of the jet, they concluded that the jet
spreading would be helpful in entrainment of the ambient fluid.
Not many numerical studies have been completed for synthetic jet ejectors.
Vermeulen et al. [27] conducted both a CFD analysis and experiments to show that
adding a pulsation to a steady primary jet flow improves ejector performance. They also
showed that a strong synthetic jet actuator gives ejector performance as good as a pulsed
13

primary flow jet. The pumping effectiveness, defined as the mass flow rate ratio — - ,
Mp
increased by up to 4.5 times that for a steady jet. Their CFD study, however, did not
contain either a grid convergence or a time step convergence study.

14

CHAPTER 3
EFFICIENT SYNTHETIC JET EJECTOR NUMERICAL MODEL

This chapter presents details of the computational model developed to conduct the
numerical experiments involving SJEs. It includes a description of the computational
domain used for the SJE simulation, followed by the boundary conditions of the model.
In order to create the most efficient model to use in the numerical experiments, grid
convergence, grid structure and time step size studies are conducted.
All simulations use the k-sturbulence

model (validated in Appendix B) along

with the second-order upwind scheme for spatial discretization and second-order implicit
scheme for time advancement. The commercial CFD package, FLUENT 6.3, is used to
solve the flow field equations. More details about the setup can be found in Appendix C.
The results of a preliminary parametric study is also included to determine the
trends in the variation of output flow rate and pressure difference with orifice diameter,
actuator diameter, shroud diameter, shroud length and primary inlet velocity amplitude.
The computer used in this study has a P5K-E ASUS Motherboard with an Intel
Corel 2 Quad Q6600 Central Processing Unit (CPU) running at 2.4 GHz with 8 GB of
DDR2 1066 MHz Ram. A 64-bit Windows XP Professional operating system is used.
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3.1

Computational Domain
Figure 3.1 is a 3-D schematic representation of the SJE domain. Because the SJE

is axisymmetric in this study, a 2-D axially symmetric simulation is sufficient. The SJA
will be excluded from the computational domain since the assumption of a top-hat
velocity profile at the orifice exit combined with a sinusoidal time variation is a good
approximation for simulating the exit flow [17]. Therefore, the calculation domain
consists of the gridded area shown in Figure 3.2.

Figure 3.1 3-D schematic representation of SJE.
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Figure 3.2 Geometric diagram of initial S JE domain.

The extent of the mixing length for a SJ is determined from the stroke length.
Fugal [3] found that the extent of the computational domain is sufficient at three stroke
lengths, 3Z 0 , in his study of SJ flow. Therefore 3LQ will be the shortest length taken for
the SJE's in this study.

According to Equation (2.3), L0 =6.59xl0" 3 m, therefore,

3L0 « 20 mm . The initial values of the SJE geometrical and operating parameters used
in the initial simulation are summarized in Table 3.1.
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Table 3.1 SJE initial geometrical and operating parameters.

3.2

SJE Parameters

Values

SJA orifice diameter, d (m)

0.002

SJA cavity diameter, D (m)

0.01

SJE shroud diameter, De (m)

0.03

SJE shroud length, Le (m)

0.02

Input frequency,/(Hz)

1,450

Air density at 25°C, p (kg/m3)

1.19

Air dynamic viscosity at 25 C, ju (N s/m )

1.84e-5

Primary inlet velocity amplitude, VA (m/s)

30

Boundary Conditions
The boundary conditions used for the SJE simulations are shown in Figure 3.3.

The right side is the exit of the SJE which is open to the atmosphere and hence has a zero
gauge pressure. The bottom is the centreline, so it is modeled as an axis because of
axisymmetry. The primary inlet flow, which is the SJA outflow, is specified using a
sinusoidal function, V {t) = VA s'm(2 nft).

The SJA orifice plate and the mixing tube

wall are modeled as no-slip walls. The opening for the secondary flow inlet, from where
air is entrained into the mixing tube, is modeled as a pressure inlet. When this opening is
open to the atmosphere, the pressure for this pressure inlet is zero gauge pressure. If the
outside of this opening is attached to something, such as the form of the car seat, a
negative gauge pressure is developed at this location, the value of which depends on the
resistance that must be overcome for air to pass through. The effect of this resistance, or
negative gauge pressure, on the total mixing flow rate, will be analyzed later in this study.
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Wall (SJE shroud)
Pressure Inlet
(secondary flow)
Pressure outlet
(total outflow)
Wall (SJA orifice plate)

Velocity inlet
(SJA outflow)

Axis (symmetric axis)

Figure 3. 3 SJE numerical model boundary conditions.

3.3

Grid Convergence Study
Numerical errors occur when the representation of the governing flow equations,

which are continuous in time and space, are modeled as algebraic expressions in a
discrete domain of space and time. This is referred to as discretization error. It is usually
caused by an improper grid size or time step size. This section deals with the grid
convergence, ie., when the solution no longer changes even when more grid points are
added to the computational domain. Extra grid points waste computer CPU time and
memory without achieving much additional accuracy.
Grid convergence is achieved by obtaining the solution for one case with a set
number of grid points, then doubling the number of grid points and seeing how the
quantities associated with the flow change. The process is repeated until no significant
changes are observed with successive grid refinement. For engineering applications, a
change within 10% is often considered to be acceptable. In this study, the results for
many different cases are desired, hence it is impractical to perform a grid convergence
study for each case. Thus, it is performed for one case and the results are generalized to
the others.
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In order to generalize the grid convergence results, Fugal [3] defines the concept
of average cell area, A, which is the total area of the computational domain divided by the
total number of cells in the simulation model. By applying this concept to SJE flow, the
quantity A is then made non-dimensional using D) to produce a dimensionless average
cell area, A', which scales with the extent of the computational domain.

A larger

computational domain then requires more cells to have the same average cell area as a
smaller domain. With this concept, a grid convergence study conducted on one case can
be used to generalize the results to other cases by keeping the dimensionless average cell
area constant.
The original case selected to determine the optimum grid resolution has the
settings shown in Table 3.1, i.e.,
3L0 = 20 mm
De = 30 mm
Number of cells = 400 x 120
3I 0 x
A
A'=—r =
A

0.5D/
/Number of cells (20xl5)/(400xl20) ^ nA
r
=^ = 6.94e - 6
2
2
A
30

In order to compare the effects of grid resolutions, the period area-averaged
secondary inlet velocity Us , is selected as the variable for comparison. It is calculated
for six different grid resolutions, corresponding to ^'values of 4.44e-4, 2.22e-4, 1.1 le-4,
5.56e-5, 2.78e-5 and 6.94e-6.

The results are then cast in the form of a percent

difference, calculated as the absolute per cent difference between the given solution and
the finest solution divided by the finest solution, as shown in Equation (3.1).

l

% Difference = -

Us,A'

— U s,A'=6.94e-6

-=

[

xl00

(3.1)

U s,A'=6.94e-6

As mentioned in section 2.3, Us is calculated after the time periodic state is
reached. By applying the criterion for time periodic state, the original case reaches the
time periodic state condition after 24,400 time steps (61 cycles) as shown in Figure 3.4.
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Figure 3. 4 Time history for area-averaged secondary inlet velocity for original case,
400 time steps per cycle.
The value of Us is 0.277 m/s after 61 cycles, and increases to 0.300 m/s after 350
cycles.

The difference is 7.57%, which is less than 10%, and hence considered

acceptable. Using 0.1 % as the cut-off criterion is therefore considered valid. The grid
resolution study results are summarized in Table 3.2. This table gives the cut-off cycle
numbers, computer CPU time per cycle, total CPU time to cut-off, Us and the percentage
difference in Us relative to the base for the various A' values. As the A' value gets larger,
less grid points are used in the same domain, and it takes less CPU time to finish one
cycle because of the smaller number of calculations.
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Table 3.2 Grid resolution study.
Period AreaGrid

Cut-off

Resolution,

Cycle

Dimensionless

Number

Average Cell

(0.1%

Area (A ^

criteria)

Computer
CPU Time
per Cycle
(mins.)

Total
CPU
Time to

Averaged
Secondary
Inlet

Cut-off
(mins.)

Velocity, £/s
(m/s)

%

Difference
in Us
(Equation
(3.1))

4.44e-4 (l/64th)

59

3-4

207

0.288

3.82%

2.22e-4 (l/32 nd )

49

3-4

172

0.284

2.34%

l.lle-4 (1/16th)

42

5-6

231

0.274

1.08%

5.56e-5 (l/8 th )

41

5-6

226

0.276

0.577%

2.78e-5 (l/4 th )

46

8-9

391

0.278

0.072%

6.94e-6 (1/1)

61

27-30

1,740

0.277

N/A (Base)

It is evident that the percent difference in Us is under 2% for A'=l.l le-4. From
an engineering design point of view, this difference is quite acceptable.

It is also

important to note that there is approximately seven times reduction in computational time
to reach time periodic state compared to the finest grid case. Although the A -5.56e-5
case has approximately the same performance, the A'= 1.1 le-4 is chosen based on the
general feeling that fewer cell numbers result in lower computational time for other cases.
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3.4

Grid Structure Similarity
As mentioned in the previous section, the more grid points used, the more

accurate the numerical solution will be. The grid point distribution is also important.
Usually, more grid points are clustered in regions where high gradients are expected and
less grid points are used in regions where gradients are low.
distribution in the calculation domain might result in

Improper grid point

more computational time to

converge or give poor results. In this study, the region near the inlets has large gradients
because of the oscillating flow of the primary inlet and the swirling of the vortices across
the secondary inlet surface. The shape of the calculation domain is rectangular. A
structured grid with clustered grid lines near the inlet region was created using the
commercial package, Gambit. During the course of this study, it is necessary to change
the geometry in order to determine the optimum values for some parameters, such as the
shroud diameter, De, or shroud length, Le. This leads to a change of the calculation
domain dimensions and grid structure. For the same calculation domain, even with the
same number of cells (same A' value), a change in the grid structure can have an effect on
the solution.

In order to prevent this from influencing the trend of the results, the

calculation domain grid structure is kept similar for all simulations.
As shown in Figure 3.5, the grid lines are clustered near the inlets in the x
direction but spaced uniformly in the y direction. The aspect ratio for this 2-D grid
structure is the ratio of the length of the long side of the cell to the short side of the cell,
Ax/Ay.

An Excel spreadsheet was created to calculate the aspect ratio of the first

column of cells adjacent to the inlets and orifice plate, so that its value can be maintained
at a value of one (1). The filename of the Excel file is aspectratio.xls and is included on
the data CD accompanying this thesis. The following equations are used to determine the
aspect ratio, Ax I Ay.

23

enlarged

ijii SUgt^SIs

Figure 3.5 Calculation domain with uniformly spaced grid lines in y direction but
clustered near inlets in x direction.

Ax = wfr^-fa)
l-'fN

(3.2)

J a

Ay =

H_
M

First Column Aspect Ratio= Ax/Ay «1.0

(3-3)
(3.4)

where W = extent of the calculation domain in the x direction
fa = cluster factor in the range of 0 to 1
N — number of cells along x axis
M= number of cells along y axis
H= extent of the calculation domain in y direction
When the dimensions of the calculation domain are known, the number of grid
points both on the x axis and y axis are specified. By trial and error, the value oifa is
chosen such that the aspect ratio is as close to 1.0 as possible.
Simulation results with grid structure as prescribed above seem to converge well
and have been shown to give very consistent results.
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3.5

Time Step Size Study
A second-order implicit time discretization scheme, commonly accepted as more

accurate than the first-order, is used to approximate the time dependence of the solution.
Caution must be taken to examine the sensitivity of the simulation results to changes in
the magnitude of the time step size. Improper time step size will either cause the solution
to be more unstable or give poor results. As with the grid size, the required time step size
must be determined by comparing results for successively smaller/larger time step sizes.
Starting with the model for an A' value of l.lle-4, the first time step size is determined
by dividing the period into 400 steps giving a period area-averaged secondary inlet
velocity Us of 0.274 m/s, which is taken as the base value. When another time step size
with 500 time steps per cycle (TSPC) is used for comparison, using Equation (3.1), the
difference is only 0.110%. Table 3.3 gives the Us and percentage difference from the
base case for a number of different TSPC and At values. TSPC values of 25, 50, 100,
200, 400 and 500 were selected and the respective U, compared with the base value of
the 400 TSPC using Equation (3.1).
Table 3.3 Time step size study results.
Time Steps per
Cycle (TSPC)

25

50

100

200

400

500

0.289

0.271

0.271

0.273

0.274

0.275

5.221

1.301

1.305

0.398

2.76E-05

1.38 E-05

6.90E-06

3.45 E-06

Period AreaAveraged S.I.
Velocity, Us,
(m/s)
% Difference
with Base
(Equation

N/A
(Base)

0.110

(3.1))
Time Step Size,
At, (s)

25

1.72E-06

8.62E-07

For the case with a TSPC of 50, there is only 1.3% difference with respect to the
base, and hence it is considered to be of sufficient accuracy for this study.

The

corresponding time step size of 1.38e-5 seconds is chosen as the largest one to use for any
future calculations in this study.
As further evidence that this value is acceptable, a plot of the period areaaveraged secondary inlet velocity history over one cycle is shown in Figure 3.6. The 50
TSPC and 400 TSPC lines are seen to overlay each other.
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Figure 3.6 Period area-averaged secondary inlet velocity over one cycle with
different time step sizes.
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3.6

Preliminary Results
Using the geometry and numerical techniques outlined in the first five sections of

this chapter, a series of numerical simulations using the efficient numerical model are
conducted. The aim of these is to determine the trends in the variation of the SJE flow
rate with changes in the various geometrical and flow parameters given in Table 3.1,
along with the pressure difference between the secondary inlet and outlet.
Through dimensional analysis, detailed in Appendix A, the dimensionless flow
rate is a function of the following dimensionless groups,

e- = ,

DV

f

d

D 4

De

De

V~e

De

,De

J

VA

PVADe

ix

Ap ^
2

PV'A

(A10)

The following preliminary results are obtained by changing one independent
dimensionless group at a time while holding the others constant using the values found in
Table 3.1. The density and viscosity values used are for air at standard atmospheric
pressure (101,325 Pa) and a temperature of 25°C. In the cases where —^- is held
constant, the secondary inlet and outlet are both assumed to be open to the atmosphere
such that Ap is zero, which corresponds to the case of maximum flow.
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3.6.1

Effect of Orifice Diameter

Orifice diameters of 2, 4, 6, 8, 9.9 and 10 mm are selected for study and the effect
on dimensionless flow rate is plotted non-dimensionally in Figure 3.7. The trivial case of
d=0 mm is also shown.
0 .09

-r

0

^ . ^ ^ ^ ^ ^ ^ ^

0.05

0.1

0.15

0.2

0.25

0.3

0.35
<VDf

Figure 3.7 Effect of orifice diameter on dimensionless flow rate.
It can be seen that dimensionless flow rate increases as orifice diameter gets
larger. Ideally, there will be no flow when the orifice diameter is close to zero, and the
dimensionless flow rate has its highest value when the orifice diameter is the same as the
actuator diameter. The question of whether the dimensionless flow rate goes up with
larger actuator diameter, but fixed orifice diameter, will be explored in the next section.
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3.6.2

Effect of Actuator Diameter
Actuator diameters of 2, 2.1, 5, 10 and 15 mm are selected for study and the effect

on dimensionless flow rate is plotted in dimensionless form in Figure 3.8.
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Figure 3.8 Effect of actuator diameter on dimensionless flow rate.
It is interesting to note that the dimensionless flow rate decreases as the actuator
diameter becomes larger. This is because the secondary inlet area becomes smaller as the
actuator diameter gets larger, and the entrainment effect caused by the primary flow also
diminishes as the exit plate gets larger. This plot also confirms that the dimensionless
flow rate reaches its maximum when the actuator diameter is close to the orifice diameter.
This fact, coupled with that of the fact that flow rate increases with increasing orifice
diameter implies that the orifice diameter should be as close to the actuator diameter as
possible {d « D).
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3.6.3

Effect of Shroud Length

Shroud lengths of 20, 30, 40, 60, 80, 100, 130 and 160 mm are selected for study.
The results are plotted non-dimensionally in Figure 3.9.
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Figure 3.9 Effect of shroud length on dimensionless flow rate.

Dimensionless flow rate increases as shroud length increases. It reaches its peak
then declines. This decline is due to the increase in flow resistance as the shroud length
increases. This also implies that an optimum Le/De exists.
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3.6.4

Effect of Strouhal Number
Input driving frequencies of 250, 363, 725, 1,000, 1,450, 2,000, 3,000 and 4,000

Hz are chosen for study and the results are plotted in a dimensionless manner in Figure
3.10.
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Figure 3.10 Effect of Strouhal number on dimensionless flow rate.

The trend is similar to the case of shroud length. The dimensionless flow rate
increases rapidly with increasing Strouhal number. It reaches its peak at approximately
1.5 then flattens with higher Strouhal number. This may be a result of a resonance effect
within the shroud.
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3.6.5

Effect of Reynolds Number
Primary velocity amplitude values of 10, 20, 30, 40, 50 and 60 m/s are selected

for study. The dimensionless results are presented in Figure 3.11. The trivial case of
VA=0

m/s is also shown.

Figure 3.11 Effect of Reynolds number on dimensionless flow rate.
The dimensionless flow rate is very sensitive to the change of Reynolds number
for low Ree values. It reaches an optimum value at approximately 30,000 and then
decreases. This indicates that an optimum operation will occur at a particular Ree value
with slightly decreased performance at higher values.
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3.6.6

Effect of Euler Number
Various Euler numbers are selected for study and the flow rates plotted in

dimensionless terms in Figure 3.13. The Ap value used is the output pressure minus the
inlet pressure, which gives positive values.
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Figure 3.12 Effect of Euler number on dimensionless flow rate.

The dimensionless flow rate decreases with increasing Euler number.

The

maximum occurs when Euler number is zero, and decreases to zero when Euler number is
at its maximum. This indicates that the SJE supplies maximum flow rate when the areaaverage pressure drop across the ejector is zero gauge, and there will be no flow if that
pressure drop increases to a certain point.
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CHAPTER 4
NUMERICAL EXPERIMENTS TO OPTIMIZE THE SJE

This chapter is devoted to a determination of the optimum geometrical and
operating parameters for the SJE configuration being considered. Based on the trends
found in the previous chapter, some assumptions will be made. The optimum values of
the parameters will then be determined using a univariate search optimization method
[22] with initial guesses which, in some cases, are based on the results of the preliminary
study conducted in Section 3.6.

4.1

Modified SJE Numerical Model
The following assumptions are made for the new model.
•

The orifice diameter (d) is taken to be the same as the SJA diameter (D).
This assumption is based on the trends observed in Sections 3.6.1 and
3.6.2 that the dimensionless flow rate has its maximum when d is close to
D. Ideally, this means one end of SJA is the vibrating diaphragm and the
other end is totally open to the mixing area. Although this geometry
cannot be exactly realized in practice, it can be approximated.
The optimum shroud length (Le) to shroud diameter (De) ratio is found to
be approximately 2.7 for the initial configuration shown in Section 3.6.3.
The ratio is expected to be different for the final optimum geometry. In
order to save computational time, a new Le value of 16 mm is taken as the
starting shroud length for the numerical optimization procedure. The new
De value is taken to be 3.88 mm, thus the new Le/De value is 4.12.
The results of section 3.6.5 suggest that the optimum Reynolds number for
the peak dimensionless flow rate is approximately 30,000. When the air
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density and viscosity are constant, SJE Reynolds number is determined by
the shroud diameter (De) and primary input velocity amplitude (VA).
Instead of choosing a value of VA to give a Reynolds number of 30,000, a
value of 5 m/s is chosen and used as the initial value for the numerical
optimization procedure. This decision was partially due to the desire to
make use of previous calculations and hence reduce the computational
effort. The new SJE Reynolds number is 1,250 and quite different than
the 30,000 from Section 3.6.5. Note, however, that this is just a starting
point and, with the iterative univariate search technique, will soon be
corrected.
•

According to Section 3.6.4, the dimensionless flow rate isn't very sensitive
to the input frequency if). A value of 2,000 Hz is taken as the starting
point for the numerical optimization experiment which gives a new
Strouhal number of 1.55, which is close to the optimum value of 1.5 found
in that section.

•

The SJE supplies its maximum flow rate when its area-average pressure
drop, Ap, is zero gauge pressure and therefore Ap is assumed to be zero
throughout the optimization procedure.
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4.2

Optimization Method
The dimensionless flow rate is a function of seven dimensionless groups,
r
&

D:VA

-*

d

D

Le
f

KD/D/D/ v'/

D

pVADe

Ap ^

fi

'pVlj

(A10)

It is not the purpose of this study to find the exact expression of this function. The
maximum value is going to be estimated numerically. The optimization method used in
this chapter is straightforward and similar to the procedure used in the previous chapter.
In order to obtain the maximum value of the dependent Pi term, —^—, a particular
geometry of the SJE with initial parameters are selected. The local maximum value of
the dependent Pi term can be found with respect to the first independent Pi term, — , by
changing the value of this Pi term while holding the other independent Pi terms constant.
Using the newly found optimum value for the first independent Pi term and the old
known values for the other independent Pi terms, the same procedure can be applied to
the other independent Pi terms one by one to determine the maximum value of the
dependent Pi term in the first iteration. These steps are repeated for the second iteration,
and so on. The new maximum of the dependent Pi term is compared with the one from
the previous iteration.

If the absolute difference is less than 10%, the optimization

procedure will end. If not, the iteration continues. This procedure will yield a local
maximum. If, however, more than one maximum exists, the second maximum condition
will not be obtained. It is assumed that only one maximum occurs.
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4.3

Optimum Dimensionless (Pi Term) Values

4.3.1

Iteration I
As mentioned in Section 4.1, the starting values of the parameters for

optimization are Z)e=3.88 mm, Le=16 mm, VA=5 m/s and/=2,000 Hz. The corresponding
Le/De, Strouhal number and Reynolds number are 4.12, 1.55 and 1,250, respectively. The
optimum values found in this iteration are denoted by "()n".
4.3.1.1 Optimum d/De
Changing the values of d (or D since d ~ D), the results are plotted in
dimensionless terms in Figure 4.1.
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Figure 4.1 Variation of dimensionless flow rate with d (or D).
The dimensionless flow rate has its maximum value of 0.174 when d/De is
approximately 0.825. It declines rapidly when d/De is either higher or lower than 0.825.
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4.3.1.2 Optimum Le/De
The results obtained by keeping d/De at its optimum value of 0.825 and changing
the shroud length Le are presented non-dimensionally in Figure 4.2.
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Figure 4.2 Variation of dimensionless flow rate with L/De,
The dimensionless flow rate increases as Le/De increases. It reaches its maximum
then starts declining at a lower rate than that at which it increases. The value of Le/De is
4.12 at the local optimum.
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4.3.1.3 Optimum Strouhal Number
The values of d/De and Le/De are kept at their optimum values of 0.825 and 4.12,
respectively.

The Strouhal number is changed by using various frequencies and the

dimensionless results plotted in Figure 4.3.
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Figure 4.3 Variation of dimensionless flow rate with Strouhal number.
The dimensionless flow rate rises quickly with increasing Strouhal number. It
then reaches its peak and decreases with higher Strouhal number. The Strouhal number is
approximately 1.55 at the local optimum.
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4.3.1.4 Optimum Reynolds Number
The values of d/De, Le/De, and Ste are now kept at their optimum values of 0.825,
4.12 and 1.55, respectively. Various Reynolds numbers are selected and the results are
plotted in a dimensionless manner in Figure 4.4.
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Figure 4.4 Variation of dimensionless flow rate with Reynolds number.
The dimensionless flow rate increases rapidly with increasing Reynolds number
and reaches a maximum of 0.25 asymptotically at high Reynolds number. As extremely
high Reynolds number values are undesirable from a practical perspective (more energy
required), it was decided to arbitrarily choose a value of Reynolds number which give a
dimensionless flow rate close to the maximum. This point is taken at a value of 15,060
and the corresponding dimensionless flow rate is 0.241 at the end of this first iteration.
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4.3.2

Iteration II
With new local optimum values found from the previous section, the same steps

are repeated in this section in order to determine the new optimum values. The optimum
values found in this iteration are denoted by "( )E". The continuation of the iteration
process depends on the difference between the maximum dimensionless flow rate found
in this section and the one found in the first iteration.
4.3.2.1 Optimum d/De
The values of Le/De, Ste and Ree are kept at their optimum first iteration values of
4.12, 1.55 and 15,060, respectively. Various d/De values are selected for study and the
results are presented non-dimensionally in Figure 4.5.
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Figure 4.5 Variation of dimensionless flow rate with d/De.
Similar to the first iteration, dimensionless flow rate has its local peak of 0.247
with a new optimum value ofd/De at 0.8. There is only a small change to its old value of
0.825.

41

4.3.2.2 Optimum LJDe
The values of d/De, Ste and Ree are kept at their current optimum values of 0.8,
1.55 and 15,060, respectively. Various shroud length values are chosen for study and the
results are presented in dimensionless terms in Figure 4.6.
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Figure 4.6 Variation of dimensionless flow rate with Le/De
The same trend is found as in the first iteration. A new Le/De optimum is found at
4.0, which is not much different than the old optimum value of 4.1.
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4.3.2.3 Optimum Strouhal Number
The values ofd/De, Le/De, and Ree are kept at their optimum values of 0.8, 4.0 and
15,060, respectively. Various Strouhal numbers are selected for study and the results are
plotted non-dimensionally in Figure 4.7.
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Figure 4.7 Variation of dimensionless flow rate with Strouhal number.

Similar to the trend found in the first iteration, the dimensionless flow rate
increases rapidly with increasing Strouhal number. It climbs to its peak value and flattens
out with higher Strouhal number.

The local optimum value is 0.323, which is

considerably lower than 1.55 found in the first iteration. The local dimensionless flow
rate increases slightly to 0.255 from 0.241.
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4.3.2.4 Optimum Reynolds Number
The values of d/De, Le/De, and Strouhal number are kept at their optimum values
of 0.8, 4.0 and 0.323, respectively. Various Reynolds numbers are selected for study and
the results are presented in dimensionless manner in Figure 4.8.
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Figure 4.8 Variation of dimensionless flow rate with Reynolds number.

The dimensionless flow rate increases as Reynolds number increases and
approaches the maximum asymptotically. Similar to the first iteration, it was decided to
take the optimum Reynolds number as 20,000, which gives a dimensionless flow rate
value of 0.262 at the end of this second iteration.

4.3.3

Continuation of Iteration
The dimensionless flow rate maximum occurs at 0.241 in the first iteration, while

it is 0.262 in the second iteration. The absolute percentage difference between these
iterates is 8.7%, which is less than the 10% considered acceptable for practical purposes.
The optimization process is concluded at this stage.

4.3.4

Results of Optimization
The numerical approximate optimum operation condition for a general synthetic

jet ejector of the geometrical configuration studied here is summarized in Table 4.1.
Table 4.1 General SJE dimensionless groups optimum operating values.
Dimensionless Group (Pi Terms) Optimum Value

0.262

d/De

0.8

D/De

0.8

LjDe

4.0

0.323

vA
pVADe

20,000

Ap

0.0

PV\
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The optimum SJE performance curve is plotted non-dimensionally in Figure 4.9.
It can be seen that the dimensionless flow rate is at its maximum with zero gauge
pressure difference across the ejector.
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Figure 4.9 Optimum SJE performance curve.
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CHAPTER 5
AUTOMOTIVE SEAT VENTILATION FEASIBILITY

In this chapter, the feasibility of the SJE for use in the automotive seat ventilation
application will be explored.

5.1

Automotive Seat Ventilation
The automatic seat heating/cooling system has become a desired feature in many

automobile models. Traditionally, one or two blowers are installed under the seat to
either push or pull air through the seat layers for ventilation. The benefit is countered by
the vibration and noise from the blower, not to mention the cost and durability of the
blower. Researchers have been searching for more efficient and reliable mechanical
systems to replace the blowers. The SJE studied in this project is a possible replacement
for the blower. In order to replace the blower, the SJEs must have similar capability to
that of the blower. The blower generates a flow of air by creating a pressure difference.
In the next section, air flow rate/pressure requirement for a typical automotive seat
ventilation system is presented and compared with the SJEs performance.
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5.2

Proposed SJE for Automotive Seat Ventilation
Test results for a typical car seat air flow are presented in Figure 5.1. As the air

flow rate increases, additional pressure is required. This is referred to as the system curve
in pump selection.
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Figure 5.1 Typical automotive seat air flow system curve.

The performance curve for the optimum SJE is plotted in dimensionless terms in
Figure 4.9. In order to compare the SJE to the above system curve, it is necessary to use
dimensional quantities which are governed by the physical constraints of the application.
The dimensionless flow rate is —^—, which implies, under optimum conditions, that the
larger the shroud diameter, De, the higher the flow rate, Qs. Due to space limitations
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around the seat, the maximum length for the SJE shroud is 80 mm, which gives the
maximum shroud diameter of 20 mm. From the values of optimum Reynolds number
and Strouhal number, the optimum primary velocity amplitude, VA, and driving
frequency,/ are 15.5 m/s and 250 Hz, respectively. The resulting performance curve is
plotted in Figure 5.2.
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Figure 5.2 Single optimum SJE performance curve for automotive application.
The maximum gauge pressure that can be delivered is close to 180 Pa, above the
140 Pa gauge pressure that the system needs. The maximum flow rate that the SJE can
create however is only 0.00163 m3/s, which indicates there will be more than one SJE
needed for this application. When a number of S JEs are installed in parallel, the flow rate
will be multiplied by the number of SJEs while the pressure delivered will be the same.
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The results with 3, 5 and 10 SJEs installed in the system are plotted in Figure 5.3 with the
system curve requirement.
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Figure 5.3 Automotive air ventilation system curve.
In the case of 10 SJEs, each one is required to deliver a gauge pressure of 120 Pa,
which is about 66.7% of the maximum of 180 Pa. At the system operating point, A, the
highest flow rate of all three cases is delivered.
Based on the pressure that the SJE delivers and the flow rate it provides, it is
possible to use this technology in the automotive ventilation application. A total number
of 10 SJEs are needed for this application. The optimum geometric dimensions and
operating parameter values for the SJE are summarized in Table 5.1.
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Table 5.1 Optimum SJE for automotive air (at STP) ventilation application.
Synthetic Jet Ejector Parameters

Optimum Values

SJA orifice diameter, d (m)

0.016

SJA diameter, D (m)

0.016

SJE shroud diameter, De (m)

0.02

SJE shroud length, Le (m)

0.08

Input frequency,/(Hz)

250

Primary inlet velocity amplitude, VA (m/s)

15.5
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1

Conclusions
The performance of an axisymmetric synthetic jet ejector configuration, excluding

the actuator, is investigated numerically using a 2-D approximation.

An efficient

numerical model is developed based on grid size, grid structure, and time step size. All
simulations use the k-sturbulence

model along with the second-order upwind scheme

for spatial discretization and second-order implicit scheme for time advancement. A
0.1% difference criterion is used to determine the existence of a time periodic state of the
outlet flow rate and a tolerance of 10% in the flow rate is used in determining the optimal
SJE parameters.
With dimensional analysis, the SJE is found to have an optimum operating
condition with the orifice diameter the same size as the actuator diameter. The ratio
between the orifice diameter and the shroud diameter is 0.8, while that between the
shroud length and shroud diameter is 4. The optimum Strouhal number and Reynolds
number are 0.323 and 20,000, respectively. The SJE provides its maximum flow rate
with zero gauge pressure across the ejector.
The optimum SJE with dimensions consistent with the automotive seat
application has an orifice diameter and actuator diameter of 16 mm, shroud diameter of
20 mm, shroud length of 80 mm, a driving frequency of 250 Hz, and primary input
velocity amplitude of 15.5 m/s. It was found that 10 of these optimum SJEs in parallel is
a possible alternative for the blower for automotive seat ventilation application.
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6.2

Recommendations
The following recommendation for future works are made.
•

Conduct experiments to provide data for comparison with the numerical results.

•

Consider what SJ actuator is required to achieve the optimum velocity amplitude
with optimum frequency and diameter.

•

Investigate the improvement of SJE performance using various shroud shapes
[12], novel actuators [9], and non-sinusoidal primary inlet velocity profile [6].
7id

•

The formation criterion for a free synthetic jet is that its Strouhal number, / — ,
* A

defined by Equation (2.7), must be less than 0.16 for a round orifice.

It is

expected that the formation criterion for the synthetic jet ejector will be different
from the free synthetic jet. Future work should focus on determining this criterion
and its relationship with the optimum Strouhal number.
•

The SJE with optimum parameters found in this study does not deliver the
maximum suction pressure at the secondary inlet. Future research should focus on
finding the optimum parameters for maximum suction pressure.
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Appendix A
Dimensional Analysis

The main focus of this study is to determine the performance curves for the SJE.
This involves a determination of the secondary inlet flow rate, Qs, which is a function of
the following variables,
Qs=<p{d,D,De,Le,VA,f,p,M,Ap)

(Al)

where d= synthetic jet ejector orifice diameter
Z>=synthetic jet actuator diameter
De=SJE shroud diameter
Ze=SJE shroud length
F^=SJE primary inlet velocity amplitude
/=SJ diaphragm driving frequency
p =air density
ju =air dynamic viscosity
Ap =area-average pressure drop across the SJE
Using mass M, length L and time T as basic dimensions, all variables can be
expressed in terms of the basic dimensions as follows.
Qs = m3/s = m3^"1 = Z 3 r _1
d =m =L
D=m=L
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Da=m = L
L, = m = L
VA = m/s = ms x = LT~

p = kgm

= kg m

== ML

/j = Ns/m2 = [kg m/s2 j sm

2

= kg s xm ' = MT 'Z

Ap = N/m2 = (kg m/s2) m'2 s MVlXTT- 2
According to the Buckingham Pi theorem, if an equation involving k variables is
dimensionally homogeneous, it can be reduced to a relationship among k-r independent
dimensionless products, known as "Pi terms", where r is the minimum number of basic
dimensions required to describe the variables [13]. Based on the theorem, there will be
seven (10-3) Pi terms.

Starting with the dependent variable and combining it with

repeating variables p, De and VA to form the first Pi term,
n,

c3

=QsPciDe2v<A

(A2)

Because it is dimensionless, this implies that,
(l?T~l \ML~3 )c] (L)c2 (LT~1 J' =M°L°T0
The exponents cl, c2 and c3 can be determined by solving the following set of equations
cl = 0
3-3cl + c2 + c3 = 0
-l-c3 =0
It follows that cl=0, c2=-2, c3=-l, therefore,
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n =a

(A3)

D;VA

If the same procedure is repeated for the remaining non-repeating variables, the Pi terms
are

n =—

(A4)

n 3 = DD_

(A5)

n 4 = D.

(A6)

n5 =/

(A7)

ii2

D

n =P^A

(A8)

n7 = v

(A9)

X^e

^

2

P A

Thus, the required secondary inlet flow rate can be studied by using the relationship
f

±D_L^
T^

1J y

e

A

'

7^

fDe
' 7 - .

vA A A

'•/

K„

PVADe

^

Ap^

(A10)

p^;

The results will be valid for any SJEs that are geometrically similar. In fluid
mechanics, the dimensionless group / — is referred as Strouhal number, St, while
——is called Reynolds number, Re, and
M

0

pV
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is Euler number, Eu. Hence, for the

D
synthetic jet ejector, its Strouhal number, Ste, is defined as / —V - , its Reynolds number,
A
Ree, is given by PVADe and the its Euler number, Eue, is calculated as 4p

pvl

In order to validate the dimensional analysis results, two SJEs with different
geometric dimensions were selected and their dimensionless flow rates compared. More
details and the results are shown in Table A. 1.
Table A.l Comparison of SJEs with various geometric dimensions.
#1 Synthetic jet ejector #2 Synthetic jet ejector
Orifice diameter, d (mm)

3.104

15.52

SJ actuator diameter, D (mm)

3.104

15.52

Shroud diameter, De (mm)

3.88

19.4.

Shroud length, Le (mm)

15.52

77.6

VA (mis)

50

10

/(Hz)

2,000

80

These dimensional values give independent dimensionless values d/De=0.S,
D/De=0.S, Le/De=4.0, 5*4=0.155, Ree=\2,500 and Eue=0.0 for both synthetic jet ejectors
#1 and #2. The dependent dimensionless quantity

a
DX

is found to be 0.236 for ejector

#1 and 0.228 for ejector #2. The absolute percentage difference between the dependent
dimensionless flow rates is less than 3.4%. The same dimensional analysis procedure
was applied to the synthetic jet flow field in Appendix B for turbulence model validation,
and the results agree well with the experimental data. Therefore, it is believed that all
variables have been considered and the dimensional analysis is considered to be valid.
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Appendix B
k-s

Turbulence Model Validation

Over the years, a number of researchers [3,9,11] have used the k-s

turbulence

model in the CFD analysis of the synthetic jet flow field. It is reasonable to expect that
this model would also be valid for the synthetic jet ejector flow field investigation. It is
the turbulence model used to obtain the results included in this study. However, for
steady jets the k - Q turbulence model has been found to give better agreement with
experimental results than the k-s
and compare with the k-s

model [25]. In order to evaluate the k-Q

model

model, the results of numerical solutions of a synthetic jet

flow field with both turbulence models will be compared with the most recent
experimental results obtained by Eiliat [1].
Eiliat [1] studied the synthetic jet flow field with orifice diameters of 10 mm and
15 mm at frequencies of 10 Hz and 20 Hz. The case of a 15 mm orifice diameter and 20
Hz input frequency is simulated. The flow field area investigated was about 100 mm X
300 mm. A real size simulation would take weeks of computational time to complete. In
order to save computational time and still have the same results, dimensional analysis
similar to the SJE in Appendix A is performed here, and the simulation model has been
scaled down to one fifth (l/5 rt ) of the original size, based on the same Reynolds number
and Strouhal number for the synthetic jet. Therefore, the calculation domain is 21 mm X
25 mm with orifice diameter of 3 mm. A value of 13.2 m/s is taken as the primary inlet
velocity amplitude, and the driving frequency is 500 Hz. As shown in Figure B.l, a mesh
is created with the grid lines clustered near the inlet. More details for grid structure can
be found in Chapter 3. Suitable boundary conditions are prescribed as in Figure B.2.
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Figure B.l Synthetic jet flow field computational mesh.
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Figure B.2 Boundary conditions for computational domain.
Both the k-sand

k-Q.models

are used to simulate the flow field. A second-

order upwind scheme is used for the spatial discretization and an implicit method is used
for time advancement..
The numerical results are compared with experimental results for time-averaged
centreline velocity and mean velocity profiles taken at d/2 and \\d/4 downstream from
the orifice. As shown in Figure B.3, both models agree with the experiment in the region
very close to the synthetic jet actuator exit, about one orifice diameter away. Further
downstream, the discrepancy between these two turbulent models is greater. When a
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finer mesh (4 times the original grid points) is applied for the same calculation domain,
the results for the k-smodel
mesh independent. For the k-Q
in the k-s

do not change very much, which means its solution is
model, the results for the same two grids that are used

study do not lie on top of each other. As an even finer (16x or 32x) mesh is

used for the k-Q.

model, the solution keeps changing, which means it is mesh

dependent. This indicates that either more grid points are needed or a more complex grid
structure is needed. In any case, the finest k-Q.

results are no better than the

results when compared with the experimental data. Also the k-s

k-s

results are achieved

with considerably less computational effort.
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Figure B.3 Comparison of time-averaged centreline velocity versus downstream
distance from the exit.
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Figure B.4 Comparison of mean velocity profile in the radial direction taken at d/2
downstream from orifice.
Figure B.4 shows the mean velocity profiles taken at d/2 distance downstream
from the orifice. In this near orifice region, both models agree well with the experiment.
There is a peak of the mean velocity near the centreline. Away from it, the mean velocity
goes to negative because of the entrainment.
characteristics as reported in other studies [8, 19].
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Both models can capture those

1-2**° k-epsilon at lld/4
o =k-omega, coarse grid
k-omega, finest grid 32X
Experiment

I

Figure B.5 Comparison of mean velocity profile in the radial direction taken at
lld/4 downstream from orifice.
When the same characteristic is compared further away from the orifice as
depicted on Figure B.5, it is clear to see the difference between these models, and the
variations between coarse grid and fine grid of the k-Q. model. It shows that the k - Q
model results are grid size dependent. Furthermore, the k-s

model is more accurate

than the k-Q. model prediction at this location.
Based on the above findings, the k-s

62

model is justified for use in this project.

Appendix C
Numerical Solution - Fluent Setup

This appendix shows the Fluent setup for all the simulations performed in this
study. It has been divided into steps, which are in the order in which Fluent [2] was setup
and run.
1. Read in mesh file from Gambit and examine its quality.
File

Read

Grid

Check

Case..

2. Scale the grid size and change the length unit if necessary.
Grid

Scale..

"*" Change length unit.

3. Load the User Defined Function (UDF).
Define

User-Defined

Functions

Interpreted..

The source file containing the UDF can then be read in. The purpose of
the code is to specify the primary inlet velocity function, V (t) = VA sin(2 nft),
and is written in C Language but saved as a text file to be read in. The following
is an example of the code with 5 m/s velocity amplitude and 2,000 Hz frequency.
It is also included on the Data CD.
=====================beginning of the code================
#include "udf.h"
DEFINE_PROFILE(unsteady_velocity, thread, position)
{
face_t f;
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real t = CURRENT TIME;
begin_f_loop(f, thread)
{
F_PROFILE(f, thread, position) = 5*sin(2*3.141592*2000*t);
}
end_f_loop(f, thread)

=end of code=
4. Select solver.
Define

Models

Solver.

-Pressure Based
-Axisymmetric
-Unsteady
-2nd-Order Implicit

Define

Models

•

Viscous..

M

-k-epsilon (2 eqn)
-Standard
-Standard Wall
Functions

5. Change material properties.
Define

Materials..

-air
-incompressibleidea-gas
(Ma<0.3)
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6. Define boundary conditions.
Boundary Conditions..

Define

•*• Make sure the boundary
conditions have been
defined correctly in Gambit.

Primaryinlet

velocity-inlet

Set.

-> UDF

Secondaryinlet

pressure-inlet

Set.

-> Change gauge
pressure if necessary.

Outlet

pressure-outlet

Set.

-*• Turbulence

The turbulence intensity and length scale are used for specifying the
turbulence characteristics for all inlets and the outlet. The turbulent intensity is
assumed to be 1%, while the turbulent length scale is calculated as 0.07Z. The
characteristic length L for the primary inlet is the orifice diameter d, for the outlet
is shroud diameter De, and is the hydraulic diameter (De-D) for the secondary
inlet.
The gauge pressure of the secondary inlet is altered from a zero value,
which corresponds to maximum flow, in order to determine the effect of Euler
number on the dimensionless flow rate. It was changed to a negative value to
simulate the result of resistance for determining the SJE performance curve.

7. Run the CFD simulation using second-order discretization.
Solve

— •

Controls

^

Solution..

W

-PISO for
PressureVelocity
Coupling
-Second Order
Upwind for
Discretization
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8. Initialize the simulation.
Solve

Initialize

Initialize..

-• Compute from
primary_inlet

9. Monitor convergence with residuals history.
Solve

Monitors

Residual..

-Plot the residuals
-Use le-3 as criteria

10. Obtain and monitor required data.
Solve

Monitors

Surface.

Name
jmonitor-1

Report of

ReportType

Axial Velocity

Velocity.,

Afea-Weighted Ayerag e
X Axis
Time Step

w

Plot Window

1

Time Step, Define..

M

Surfaces
axis
default-interior
outlet
primary inlet
wall

File Name
IcT/sje/deno secondary i n l e t |rtonitor-1.out
Help

The area-averaged secondary inlet velocity is saved, for every time step,
into a file in the specified folder. The same step can be applied to other surfaces.
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11. Save data file and case file automatically.
File

Write

Autosave..

12. Start iteration.
Solve

Iterate.

-Specify time step size
(<1.38e-5 s)
-Specify number of time steps
(« 100 cycles)
-Specify number of maximum
iterations per time step.

After the calculation is complete, the data file can be input to Excel for postprocessing. If the 0.1% periodic state criterion is not met, more cycles need to be run
until the periodic state is reached. All the Excel files for this study are included on the
data CD.
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Appendix D
Data Obtained From Fluent

The total size of all the data files is extremely large (over 100 GB). It is not
practical to burn all the data on CDs. However, the Excel files with all important data are
included on the single data CD. Their descriptions are given below.
Aspectratio.xlsx:

determine the cluster factor, fa, for grid
structure.

Iterations.xlsx:

SJE optimization iterations,

Optimum performance.xlsx:

final optimum SJE performance curve.

sja validation.xlsx:

SJ flow field and k-e

sje2mmsofrquencystudy.xlsx:

preliminary frequency study,

sje2mmsogeometrystudy.xlsx:

preliminary geometric study,

sje2mmsopressurestudy.xlsx:

preliminary pressure study,

sje2mmsotimestepstudy.xlsx:

preliminary time step size study

sj e2mmsovelocity. xlsx:

preliminary velocity amplitude study,

sje2mmtimeperiodic.xlsx:

time periodic state study.

sjeUDFcode.txt:

UDF

code

for

model validations,

primary

inlet

function, V (t) = VA sin(2;r/Y) .
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